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Abstract: The improved Intermig impeller has been used in the seed precipitation tank in China, which could enhance the mixing 
and suspension of Al(OH)3 particles and the power consumption declined largely. The flow field, solids hold-up, cloud height, just 
off-bottom speed and power consumptions were investigated in solid−liquid mixing system with this new type of impeller by CFD 
and water experiment methods. Compared with the standard Intermig impeller, the improved one coupled with specially sloped 
baffles could promote the fluid circulation, create better solids suspension and consume less power. Besides lower impeller 
off-bottom clearance is good for solid suspension and distribution. The just-off-bottom speed was also determined by a power 
number criterion. Meanwhile, the predicted results were in good agreement with the experimental data. 
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1 Introduction 
 

In industrial processes, various solid−liquid 
multiphase flows have been intensively applied, such as 
catalysis reactions, crystallization, dissolution, 
polymerization. And one important aspect regarding the 
solids suspension and distribution was largely 
determined by types and structures of the impeller. As a 
low-shear axial flow agitator, the Intermig impeller has 
been widely utilized in solid−liquid suspensions, 
liquid−liquid dispersion, gas−liquid dispersion and heat 
transfer process, especially, at large diameter ratios 
(0.5T−0.95T) and Reynolds numbers (Re)>100 [1]. 

The seed precipitation step was one of the key steps 
in the Bayer process for the production of alumina, and it 
has great influence on alumina product’s outputs and 
quality and also has indirect effect on other procedures 
[2,3]. In 2000, the Intermig impeller was improved (see 
in Fig. 1) by Shenyang Aluminum & Magnesium 
Engineering & Research Institute (SAMI) of China for 
seed precipitation tank with very high solids content (800 
g/L). Compared with the pitched blade agitators, the 

improved Intermig impeller coupled with two special 
sloped baffles could enhance the effect on Al(OH)3 
particles mixing and suspension and power consumption 
declined largely [4]. Especially, the deposition of 
Al(OH)3 particles was greatly improved at the tank 
bottom. It appears that the improved Intermig impeller 
has good performance for high solid content system. By 
now, many researches [5,6] about seed precipitation 
process have been reported, but few researches were 
focused on the flow field in the seed precipitation tank, 
except the air-agitated one [7]. Moreover, many 
investigations [8,9] were focused on mixing performance 
of standard Intermig impeller mainly, but few of them 
were applied to investigating the solid−liquid slurry 
flows. 

In addition, many researchers have focused their 
attention on the simulation and experiment of solid 
particles suspension and distribution in liquid−solid 
stirred vessels in recent years. TAMBURINI et al [10] 
numerically simulated the case of a dense solid−liquid 
suspension in a baffled tank stirred by a Rushton turbine. 
The fraction of suspended particles has been predicted at 
the rotational speed lower than Njs by the double Eulerain 
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Fig. 1 Structures of standard (a) and improved (b) impeller 
 
multi fluid model coupled with a standard k−ε turbulence 
model and the MRF approach. The simulated results 
were well validated by the experiments. His another 
work [11] focused on the prediction of the amount of 
suspended particles at agitation speeds encompassing 
both the filleting and the complete suspension regime, 
and the suspension curves of solid particles were 
obtained. WADNERKAR et al [12] used the modified 
drag law to simulate low solids hold-up in stirred tank. 
The predictions in terms of velocity profiles and the 
solids distribution were found to be in reasonable 
agreement with the literature experimental data. FENG et 
al [13] used a two-phase explicit algebraic stress model 
to simulate solid–liquid turbulent flow in a stirred tank 
equipped with a Rushton turbine. The predicted velocity 
components, turbulent quantities and solid concentration 
are in good agreement with the reported experimental 
data. MONTANTE et al [14] experimentally investigated 
the dilute suspensions of solid particles in the tank stirred 
with a Rushton turbine, and the liquid flow field and 
solid−liquid slip velocity were measured by particle 
image velocimetry method. 

In this work, more attention was taken to analyze 
the mixing performance of this new type of impeller, 
improved Intermig impeller in high solid content mixing 
system. Both computational and experimental analyses 
were performed in a baffled tank stirred with an 
improved Intermig impeller. Three-dimensional 
multiphase turbulence flow was simulated by adopting 
Eulerian multiphase model coupled with the standard k−ε 
turbulence model. An unsteady sliding mesh approach 
was used to model the impeller rotation. Meanwhile, the 
solid concentration was also measured by a PC6D fiber 
optic reflection probe under the same conditions. The 
model predictions were compared with the experimental 
data of solid concentration profile and power 
consumption. 

 
2 Experimental 
 
2.1 Improved Intermig impeller 

Figure 1 shows the structures of the standard and 
improved impellers, respectively. Both of the impellers 
are composed of the inner blades of single layer and the 
external blades of two layers. The differences of the 
improved one are that the inner blade has 30° downward 
and the external blade of lower layer is lengthened. In 
this study, two impellers were positioned at a same ratio 
of impeller and tank diameter (D/T=0.624). 
 
2.2 Experimental installation 

Figure 2 shows the experimental installation which 
consists of a console desk, stirring apparatus, a flat- 
bottomed baffled tank (diameter T=0.425 m; liquid 
height H=0.4 m) and the impeller. Console desk could 
control the height, rotational direction and speed of the 
impeller. 
 

 
Fig. 2 Experimental installation and cover with measuring 
holes 
 

The tank made of plexiglass was set on a iron stand 
that was convenient for observing the solids suspension 
on the tank bottom. Two special baffles in width of 0.1T 
were mounted perpendicular to the tank wall and had a 
slope with an angle of 120° on the bottom of them. A 
cover with measuring holes was on the top of the tank. 
The shaft and impeller were made of stainless steel. The 
ratio of impeller off-bottom clearance to tank diameter 
(C/T) was from 0.024 to 0.165, and the impeller 
rotational speed was from 150 to 330 r/min. Water and 
glass particles were used as liquid and solid phases 
respectively. The solid hold-up was set at αav=0.323  
(800 g/L). The model dimensions and material properties 
are listed in Table 1. 

The torques and rotational speeds were recorded 
with a torque sensor mounted on the shaft. And the 
power consumptions could be calculated by 
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Table 1 Model dimensions and material properties 

Item Parameter Value 

Tank diameter, T/m 0.425 

Fluid depth, H/m 0.4 

Impeller diameter, D/m 0.265 

Impeller off-bottom 
clearance, C/m 

10−70 

C/T ratio 0.024−0.165 

Tank 

Baffle width, Wb/m 0.0425 

Density, ρl/(kg·m−3) 998 Liquid 
(water) Viscosity (20 °C), μl/(Pa·s) 1.03×10−3 

Density, ρs/(kg·m−3) 2477 Solid (glass 
particles) Average diameter, ds/μm 176 

 
P=Mω=2πNM/60                             (1) 
 

The power consumption with each condition was 
measured repeatedly, then the average value could be 
obtained and the relative error was less than 5%. 

 
2.3 Solids concentration measurement 

The profile of local solid concentration in the 
water−glass mixing system was measured by using a 
PC6D fiber optic reflection probe (manufactured by 
Institute of Process Engineering, Chinese Academy of 
Sciences). 

SHAN et al [15] used this probe to study the solid 
concentration profile in an unbaffled stirred tank, and an 
accuracy of 0.5% for the concentration measurement was 
observed. The measuring principle was that a beam of 
measuring light is sent out from the probe to the fluid 
and the intensity of reflected light is linearly proportional 
to the solid concentration. Then the photoelectric sensor 
receives the reflected light and converts it into voltage 
signal. The calibrating curve of solid concentration and 
voltage is shown in Fig. 3. Moreover, the value of solid 
concentration can be calculated by the following 
equation: 
 

2
s 11.1 229.6 28.1C V V= + +                    (2) 

 
3 Computational model 
 
3.1 Model equations 

The numerical simulations of the stirred tank were 
performed by adopting Eulerian granular multiphase 
(EGM) model and standard k−ε turbulence model [16]. 
And the mass transfer, lift force and virtual mass force 
were not considered. 

The governing equations pertaining to the 
continuous phase of liquid are given as 

 

 

Fig. 3 Relationship between voltage and solid concentration 
 

( ) ( )l l l l l 0
t
α ρ α ρ∂

+∇ ⋅ =
∂

v                      (3) 
 

( ) ( )l l l l l l lt
α ρ α ρ∂

+∇ ⋅ =
∂

v v v  
 

( )l l l l l sl s lp Kα α ρ− ∇ +∇ ⋅ + + + −τ g F v v      (4) 
 

The governing equations pertaining to the 
suspended phase of solid particles are given as 
 

( ) ( )s s s s s 0
t
α ρ α ρ∂

+∇⋅ =
∂

v                     (5) 

 

( ) ( )s s s s s s st
α ρ α ρ∂

+∇ ⋅ =
∂

v v v  

 
( )s s s s s ls l sp Kα α ρ− ∇ +∇ ⋅ + + + −τ g F v v     (6) 

 
where l,sτ  is the phase stress−strain tensor which is 
contributed by viscosity and Reynolds stress: 
 

T
l,s l,s l,s l,s l,s l,s

2[( ) ]
3

Iα μ= ∇ +∇ − ∇⋅τ v v v           (7) 
 

And in each calculated cell the volume fractions of 
liquid phase and solid phase are computed based on the 
following constraint: 
 

l s 1α α+ =                                   (8) 
 

The Gidaspow model [17] combining with the 
WEN and YU model and the Ergun equation is usually 
used to calculate the momentum exchange coefficient in 
high solid hold-up system. 

When αl>0.8, the liquid−solid exchange coefficient 
Kls is in the following form: 
 

2.65s l l s l
ls sl D l

s

| |3
4

K K C
d

α α ρ
α−−

= =
v v           (9) 

 
where CD is the drag coefficient computed by 
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( )0.687
D l s

l s

24 1 0.15C Re
Re

α
α

⎡ ⎤= +⎣ ⎦              (10) 

 
where Res is the relative Reynolds number computed by 
 

l s s l
s

l

| |d
Re

ρ
μ

−
=

v v                          (11) 

 
When αl<0.8, Kls is in the following form: 

 
s l l l s s l

ls sl 2
sl s

(1 ) | |
150 1.75K K

dd
α α μ α ρ

α
− −

= = +
v v    (12) 

 
The mixture standard k−ε turbulence model was 

adopted in this simulation, in which both solid and liquid 
phases were assumed to share the same values of k and ε. 
The governing equations for turbulent kinetic energy, k, 
and turbulent energy dissipation rate, ε, are listed below: 
 

( ) t

k
k k k

t
μ

ρ ρ
σ

⎛ ⎞⎛ ⎞∂
+∇ − ∇ =⎜ ⎟⎜ ⎟⎜ ⎟∂ ⎝ ⎠⎝ ⎠

v  

( ) ( )l l l s s sG Gα ρ ε α ρ ε− + −               (13) 
 

( ) t

t ε

μ
ρε ρ ε ε

σ
⎛ ⎞⎛ ⎞∂

+∇ − ∇ =⎜ ⎟⎜ ⎟⎜ ⎟∂ ⎝ ⎠⎝ ⎠
v  

( ) ( )l 1 l 2 l s 1 s 2 sC G C C G C
k k
ε εα ρ ε α ρ ε− + −    (14) 

 
where the mixture density ρ and velocity v are computed 
by 
 

l l s sρ α ρ α ρ= +                             (15) 
 
and 
 

( )l l l s s s
1 α ρ α ρ
ρ

= +v v v                       (16) 
 

And the turbulent viscosity μt is computed by 
 

2

t l tl s ts
kCμμ α μ α μ ρ
ε

= + =                    (17) 
 

And Gl,s is the generation of turbulence kinetic 
energy due to the mean velocity gradients and it is 
calculated as 
 

( )( )2T
l,s t(l,s) l,s l,s

1
2

G μ= ∇ + ∇v v                 (18) 
 

The standard set of parameters usually adopted for 
the k−ε model is used in all of the computations, namely: 
Cμ=0.09, C1=1.44, C2=1.92, σk=1.0, σz=1.3. 
 
3.2 Solution domain and boundary condition 

The simulations kept the same conditions as the 
experiment and the model dimensions and material 
properties are shown in Table 1. In the computational 
model, standard wall functions were used on all solid 
walls and the thickness of baffles was ignored. The 

impeller was represented by an unsteady sliding mesh 
approach [18]. The SIMPLE algorithm was adopted for 
couple pressure and velocity, and the second-upwind 
discretization scheme was used for governing equations. 
The computational results were considered converged 
when all the residuals are less than 10−4. 

Hybrid meshes are generated in the whole solution 
domain and the meshes are locally refined in rotational 
domain and around the baffles. The mesh models of the 
impeller and the baffled tank are shown in Figs. 4 and 5, 
respectively. 
 

 
Fig. 4 Mesh of improved Intermig impeller 
 

 
 
Fig. 5 Mesh of baffled stirred tank 
 
4 Results and discussion 
 
4.1 Influence of grid size 

In this study, three grid sizes of 260000, 390000 and 
520000 were considered to investigate the effect of grid 
size on velocity and solids hold-up distribution under the 
conditions of C/T=0.071, D/T=0.624, N=250 r/min. The 
predicted results using different grids are listed in Figs. 6 
and 7, respectively. The differences of velocity and solid 
hold-up distributions in the axial and radial directions 
were found to be very small (~5%). Based on these 
results, all the subsequent simulations were carried out 
with about 260000 computational cells. 
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Fig. 6 Velocity distribution at different grid sizes: (a) Axial distribution (r/R=0.5); (b) Radial distribution (Z/H=0.5) 
 

 

Fig. 7 Solid hold-up distribution at different grid sizes: (a) Axial distribution (r/R=0.5); (b) Radial distribution (Z/H=0.5) 
 
4.2 Comparison between standard and improved 

Intermig impellers 
The differences of flow field and solids hold, up 

distribution are numerically compared between the tank 
stirred with an improved Intermig impeller and two 
special sloped baffles and the system installed with a    
standard Intermig impeller and 4 vertical baffles under 
the same conditions of N=250 r/min, C/T=0.024 and 
D/T=0.624. 

The solid volume fraction distribution on the tank 
bottom is shown in Fig. 8. The solid hold-up near the 
wall and at the center of tank bottom is larger than that of 
other place where is well stirred. Especially, a large 
number of solids settled at the center of tank bottom 
using the standard Intermig impeller, where may easily 
cause the solid deposition. In contrast, the solids 
distribute more uniform at the whole bottom, which 
indicates that the improved Intermig impeller is better for 
solid suspension. 

Figure 9 shows the velocity vector distribution 
between the standard and improved Intermig impeller. 
Under the interaction between the baffles and impeller, 
secondary circulation loops are generated. It is apparent 

that the improved one coupled with sloped baffles 
provides a stronger axial circulation and more power for 
solid suspension. When the improved Intermig impeller 
rotates in clockwise direction, the external blades exert a 
force inclined downwards on the fluid flow and the 
baffles with a slope change particles motion into the 
upward direction. So subjected to the interactions 
between the baffles and impeller, the stronger secondary 
circulation loops can provide more kinetic energy for 
solid suspension. Moreover, the power consumption of 
standard and improved Intermig impellers is 40.6 W and 
31.7 W respectively. Therefore, compared with the 
standard Intermig impeller and vertical baffles, the 
improved one coupled with sloped baffles can not only 
enhance solid suspension, but also promote circulation 
loops for mixing. Above all, more than 20% of the power 
consumption is saved. 
 
4.3 Computational velocity field 

Figure 10 shows the two-dimensional velocity 
vector at a rotational speed of 250 r/min with different 
impeller off-bottom clearances (C/T=0.024−0.165). It 
can be seen from flow patterns that the strong secondary  
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Fig. 8 Simulated solid volume fraction distribution on tank bottom: (a) Standard Intermig impeller; (b) Improved intermig impeller 
 

 

Fig. 9 Velocity vector between impeller and baffles: (a) Standard Intermig impeller; (b) Improved intermig impeller 
 

 

Fig. 10 Liquid phase flow pattern for N=250 r/min: (a) C/T=0.024; (b) C/T=0.071; (c) C/T=0.118; (d) C/T=0.165 
 
circulation loop flow with higher velocity generates 
between the impeller and baffles, and then spreads to the 
upper part of the tank. At lower impeller off-bottom 
clearance, due to the strong action between the impeller 
and the slopes, the fluid can be pumped to higher place. 
When C/T=0.024, the secondary loop develops 

sufficiently and the circulating flow can reach the liquid 
surface. On the contrary, when increasing C/T to 0.165, 
the interaction between the impeller and baffles is 
weakened. The secondary circulation loops can not reach 
the top of the liquids, where there is no enough kinetic 
energy to maintain the solid particles in suspension. 
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4.4 Solids hold-up distribution 
Figure 11 shows the solids volume fraction 

distribution under the conditions of a rotational speed of 
250 r/min and C/T from 0.024 to 0.165. The flow profiles 
show that the angle of discharge (with reference to the 
vertical) increases with an increase in the clearance, and 
this explains the increased solid accumulation with an 
increase in the impeller clearance. On one hand, a low 
clearance causes the turbulence decaying less. On the 
other hand, the interaction between the impeller and 
baffles is enhanced at a low clearance. So the solid 
particles can be pumped to the higher place at lower 
clearance (C/T=0.024) and distribute uniformly and few 

clear liquid regions exist. 
When increasing the C/T to 0.118, the solid 

particles accumulate around the center of the bottom, 
besides the clear liquid layer increasing. With a further 
increase in C/T, the decreasing energy for suspension of 
lower solid and the weakening interaction between the 
impeller and baffles are responsible for the solid 
accumulation at the center and along the periphery of the 
tank bottom. Compared with the conditions of 
C/T=0.118 and 0.165, the clear liquid layer does not 
change too much which agrees with the results of flow 
pattern shown in Fig. 10. 

Figure 12 shows the solid concentration profile in 
 

 
Fig. 11 Simulated solid volume fraction distribution for N=250 r/min: (a) C/T=0.024; (b) C/T=0.071; (c) C/T=0.118; (d) C/T=0.165 
 

 
Fig. 12 Comparison of axial and radial solid concentration profiles for N=250 r/min: (a) C/T=0.024; (b) C/T =0.071; (c) C/T=0.118; 
(d) C/T =0.165 
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axial and radial directions at the same conditions of   
Fig. 11. The radial positions of measuring points were 
selected near shaft and baffles, and the axial positions 
were from the tank bottom to the liquid surface. From the 
simulated and experimental results, the solid 
concentration is a little bit lower near the shaft than that 
close to the baffles, which is caused by the centrifugal 
force of a rotating impeller. At the same impeller 
off-bottom clearance, the height of clear liquid 
(Cs/Cavg<1) is also larger under the condition of r/R=0.38 
than that under r/R=0.94. In contrast, when increasing 
the C/T, the solid concentration changes more under the 
condition of r/R=0.94. The difference of solid 
concentration between the two radial positions becomes 
smaller at a higher C/T. It is necessary to point out that 
the solid concentration in axial has an extreme at 
r/R=0.38, which is due to less solid distribution around 
the impeller discharge zone. 
 
4.5 Cloud height 

The solid cloud heights with different N and C/T 
were measured in the experiment and simulation, 
respectively. The experimental values of Hc were 
determined visually from outside the tank by measuring 
the distance between the tank bottom and the cloud 
surface. The cloud height in numerical simulation was 
defined as the maximum axial height of an iso-surface of 
solid phase volume fraction. KASAT et al [19] proposed 
a criterion of the iso-surface defined as the average solid 
phase volume fraction. 

Figure 13 shows the experimental and simulated 
results of cloud height with different N (200−250 r/min) 
and C/T (0.024−0.165). The real lines indicate the 
simulated results and the dotted lines indicate the 
experimental results. It is easy to draw that higher 
rotational speed provides more kinetic energy for solid 
suspending, so the cloud height increases with the 
increasing of N. While the cloud height shows a declined 
tendency with the increasing of C/T. The interaction  
 

 

Fig. 13 Cloud height with different C/T and N 

between the baffles and impeller is stronger at lower C/T, 
which can enhance the solid suspension, thereby the 
cloud height tends to be higher. 
 
4.6 Power number and just-off-bottom speed 

Figure 14 shows the simulated and experimental 
power numbers at different rotational speeds under the 
condition of C/T=0.024. The range of power number 
computed is from 0.3 to 0.25, which is 5% lower than the 
experimental results, which may be caused by 
mechanical loss in the experiments. With the increase of 
N, the power number decreases rapidly at first, and then 
tends to be stable. At low impeller speeds, vast 
deposition of solid particles causes the formation of 
fillets at the center and along the periphery of the tank 
bottom, it streamlines the flow pattern on the tank 
bottom. Due to the “false bottom effect”, the impeller 
pumping action is reduced, which causes the decrease of 
power number. More solid particles suspend with the 
further increasing of impeller rotational speed. When 
close to the just-off-bottom speed, almost all the particles 
are suspended, and the power number changes slightly. 
This criterion of power number for determining the Njs 
has been reported by KASAT et al [20]. The value of Njs 
determined by power number criterion is equal to ~240 
r/min, which shows good agreement with the result 
determined visually (all the solid particles remained 
stationary at the bottom for less than 1−2 s). 
 

 
Fig. 14 Experimental and simulated power number for 
C/T=0.024 
 
5 Conclusions 
 

1) Compared with the standard Intermig impeller, 
the improved one coupled with the special baffles sloped 
can promote good circulation in axial, which improves 
the suspension of solid particles on the tank bottom. 
Lower impeller off-bottom clearance is better for 
enhancing the distribution of secondary loop flow for the 
upper fluid. 
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2) The computational model predicted the solid 
concentration distribution that the mixing effect 
decreases with an increase in impeller off-bottom 
clearance, there by the cloud height also increases. The 
computational results show good agreement with the 
experimental results. 

3) The power number decreases with increasing the 
rotational speed and impeller off-bottom clearance. The 
range of power number computed is from 0.3 to 0.25, 
which is ~5% lower than the experimental result. And 
the Njs determined by power number criterion is equal to 
240 r/min under condition of D/T=0.624 and C/T=0.024, 
which shows good agreement with the determined 
visually. 

 
Nomenclatures 
C Impeller off-bottom clearance, mm; 
CD Drag coefficient in turbulent liquid; 
C1, 2, μ Coefficients of turbulent model; 
Cs Solid particle concentration, g/L; 
Cavg Average solid particle concentration, g/L; 
ds Particle diameter, m; 
D Impeller diameter, m; 
Fl, s Force, N; 
g Gravity acceleration, m/s2; 
G Turbulence generation, kg·m/s3; 
H Liquid height, m; 
Hc Cloud height, m; 
I Unit tensor; 
k Turbulent kinetic energy, m2/s2; 
Kls, sl Fluid−solid exchange coefficient; 
M Torque, N·m; 
n Impeller rotational speed, r/s; 
N Impeller rotational speed, r/min; 
Njs Just-off-bottom speed, r/min; 
NP Power number; 
p Pressure, Pa; 
P Power consumption, W; 
r 
 

Radial distance between measuring point and 
shaft, m; 

R Tank radius, m; 
Res Relative Reynolds number; 
t Time, s; 
T Tank diameter, m; 
v Velocity, m/s; 
V Voltage, V; 
Wb Baffle width, m; 

Z Axial distance between measuring point and
tank bottom, m; 

α Volume fraction; 
ε Turbulent kinetic energy dissipation rate, m2/s3;
μ Viscosity, kg/(m·s); 
ρ Density, kg/m3; 
σk, ε Standard coefficients for k−ε turbulence model;

τ Shear stress, N/m2; 
ω Angular velocity, rad/s. 
Subscripts 
avg Average; 
l Liquid; 
s Solid particle; 
t Turbulent. 
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摘  要：改进 Intermig 桨已经被应用到国内的种分设备中，其在促进了氧化铝颗粒的悬浮和混合的同时，搅拌功

率也得到大幅度降低。采用计算流体力学和水模型实验相结合的方法研究改进 Intermig 桨固液搅拌体系中的流场、

固含、云高度、临界悬浮转速以及功率消耗情况。与标准的 Intermig 桨相比，改进后的 Intermig 桨改善了槽内循

环流的发展，促进了颗粒的悬浮，功率消耗也得到幅度降低。桨叶离地距离越低越有利于颗粒的悬浮与分散，并

采用功率判据得到了颗粒悬浮的临界搅拌转速，同时采用数值模拟预测的结果与实验结果吻合较好。 

关键词：计算流体力学；搅拌槽；固体悬浮；混合；改进 Intermig 桨 
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